Abstract-A statistically based modeling technique is developed for characterizing in-band and out-of-band intermodulation and cross-modulation distortions in multichannel amplifier environments. The model is based on a new multiple envelope memoryless behavioral model that captures the black-box characteristics of multichannel amplifiers. A power amplifier with a two code-division multiple-access channel signal is characterized experimentally and verifies the approach.
I. INTRODUCTION
T HE interaction of multiple signals caused by nonlinear devices leads to cross modulation and is a fundamental performance-limiting phenomena in wide-band multichannel wired and wireless communication systems. The same phenomenon is responsible for co-site interference, intentional and unintentional jamming, and limits what can be achieved with multifunctional systems. In a wireless-power-controlled system such as a code-division multiple-access (CDMA) system, a forward-link multichannel power amplifier is driven by multiple channels that have different power levels because of the near-far problem. In this case, amplitude modulation is transferred from the high-power signal to the low-power signal when the amplifier exhibits a nonlinear nature.
In the traditional multichannel configuration, shown in Fig. 1(a) [1] , the individual channels are applied to individual narrow-band power amplifiers and then the outputs of each are combined to obtain a multichannel high-power signal. Generally, zonal filters are used with each narrow-band power amplifier prior to power combining to eliminate out-of-band distortion and, in particular, to eliminate the presentation of undesired signals to the output nonlinearity of the amplifiers. A multichannel amplifier amplifies several channels simultaneously [see Fig. 1(b) ], and is expected to be a much lower cost and smaller way of generating the high-power composite signal. However, it is difficult to achieve the low levels of distortion required in advanced wireless systems such as wide-band CDMA systems. One critical problem is that the peak-to-average ratio (PAR) is greater when there are multiple channels than when there is a single channel. Thus, saturation and limiting effects occur at lower average power levels than when there is a single-channel signal. A second problem that arises is the cross modulation and intermodulation that result from interaction of the multiple channels in a nonlinear environment. These manifest themselves as extra in-band and out-of-band distortions.
In a receiver, the interaction of multiple channels because of nonlinearity manifests itself as a desensitization problem. For example, one of the stringent requirements in CDMA receiver design is the proper reception of a CDMA channel in the presence of a single-tone jammer [2] , as shown in Fig. 2 . Here, the single-tone desensitization is a measure of the receiver's ability to receive a CDMA signal at its assigned channel frequency and in the presence of a single-tone jammer at a given frequency offset from the CDMA signal center frequency, as shown in This paper specifically focuses on developing a generalized model for estimating distortion introduced by nonlinearity in a multichannel environment. We discuss two scenarios that are encountered in CDMA systems. The first is a forward-link multichannel amplifier approach, which is preferred for generating high-power signals in base stations. The second situation considered is the receiver desensitization problem in mobile receivers. We extend an analysis for estimating single-channel amplifier distortion [4] to a multiple-envelope statistical technique for estimating distortion in multichannel systems. A general nonlinear spectral analysis is presented for the output signal when the input is the sum of two or more digitally modulated carriers passed through a memoryless nonlinear model. The model is verified by considering a wide-band power amplifier excited by two CDMA channels centered at 2.0 and 2.1 GHz and measuring the adjacent channel power ratio (ACPR) at 2.1 GHz.
In summary, this paper derives the autocorrelation function, by which the output spectrum can be developed, at the output of the nonlinear device using a memoryless nonlinear model. The advance reported here is in the extension of the autocorrelation analysis to a signal comprised of multiple channels and in the development of a parameter-extraction technique for the behavioral model that is suited to multichannel amplifiers.
II. BACKGROUND
The traditional approach to characterizing distortion in multichannel power amplifiers is to test the amplifier with tones and examine the intermodulation capability of the power amplifier [5] . However, this cannot accurately characterize cross modulation when the amplifier is driven by digitally modulated signals. Aparin and Larson [2] studied cross-modulation distortion in CDMA receivers due to transmitter (Tx) leakage and the presence of a strong jammer in the receiver band. The analysis of cross-modulation distortion was based on Volterra-series analysis to capture the frequency-dependent characteristics of the amplifier. However, the analysis assumed that the power amplifier is weakly nonlinear and, therefore, Volterra kernels of orders higher than three were neglected because of the increasing complexity. Wang and Brazil [6] simulated the output power spectrum of a nonlinear power amplifier using fifth-order Volterra-series analysis. They simulated the intermodulation output spectrum under two channel CDMA excitation with 5-MHz isolation bandwidth. They also simulated the cross-modulation effect, which is caused by the transfer of the modulation of one signal onto another, but no estimates for that effect on in-band channel distortion were given. In [7] , Ko et al. derived an empirical formula for estimating the cross-modulation power distortion caused by the presence of single-tone jammer and TX leakage in CDMA mobile phones. The analysis was done assuming third-order nonlinearity. They studied the relation between cross-modulation distortion and the third-order intercept point (IP3) of a low-noise amplifier (LNA) where it was shown that, to overcome cross modulation, an IIP3 of 4-5 dBm of an LNA is required with duplexer isolation of 50 dB. The major problem with all of the above investigations is the relatively low order of the nonlinearity that was considered. Through the general statistical work presented in this paper, this restriction is removed, and it is shown that distortion, including cross modulation, is related to the statistical properties of the signals.
III. CDMA FORWARD-LINK SIGNAL MODEL AND STATISTICS
The modulation scheme of the IS-95 forward-link CDMA system is shown in Fig. 4 . Baseband coded user data is generated at a rate of 19.2 kb/s [8] . Each users' data is first spread by a Walsh code providing orthogonality and then these are logically summed to yield the composite signal at a rate of 1.2288 Mc/s. The resulting data stream is split into in-phase (I) and quadrature (Q) channels, spread by the orthogonal pseudonoise (PN) codes generated at a rate of 1.2288 Mc/s and then passed through a baseband filter. The PN codes are base-station specific and are used with each carrier. The IS-95 baseband pulse-shaping filter can be approximated by an impulse response , where and is the reciprocal of the PN code rate (1.2288 MHz) [3] . The filtered I and Q channels are quadrature modulated at the carrier frequency and the transmitted signal can be written as (1) where is the complex envelope of the modulated signal . The complex envelope has a bandwidth and can be written as where is the chip time, is the bit time, and is the length of the Walsh code. and represent the PN code chips and is a random phase uniformly distributed in independent of the sampled process . This signal represents the sampled coded CDMA signal and can be expressed as (2) where are random numbers taking the values 1 with equal probability and represent the th user's data. Each is constant within the bit period, i.e., for .
are the Walsh code chips of the th user. The quadrature components and can now be written as
The statistics of the CDMA signal are defined by its autocorrelation function. The autocorrelation of the quadrature process is defined as where is the expected value. Using (3), the autocorrelation functions of the real processes and can be written as
The above autocorrelation functions can be evaluated using the statistical properties of data sequences, Walsh codes, and PN codes. The statistical properties of the PN sequences for the forward link are similar to those of the reverse link, which are given by [3] if otherwise and for all and . Therefore, the autocorrelation functions in (4) reduce to (5) Now, the statistics of the sampled process are known since represents the input coded data. To find the expected values in (5), we use the statistics of the data samples and Walsh codes. Using (2) (6) The data sequences are assumed to be independent identically distributed random variables ( ) and independent from the Walsh codes [9] , therefore, if otherwise
The statistical properties of Walsh codes are discussed in [9] . Each Walsh code is generated from a set of Hadamard basis functions resulting in orthogonal codes. It follows that (5) reduces to
The phase is assumed to be random and uniformly distributed in . Using the properties of the joint moments of pulse trains [3] , we have Consequently, (8) reduces to and it follows that the autocorrelation function is (9) Therefore, is a wide sense stationary (WSS) random process since the autocorrelation function is a function of the time shift only. In fact, it is the random phase that makes the process a WSS process. If this phase variation does not exist, then the process is considered as a cyclostationary process with the bit period . However, this affects only the higher order moments and not the second-order statistics , which is still stationary (independent of time) and, therefore, the analysis above is still valid.
To establish the cross-correlation function of two CDMA signals, let the complex envelopes of the two signals be (10) The cross-correlation function is defined as (11) where, by using (5),
The cross-correlation function of the sampled processes and can be evaluated now using the definition of the sampled processes and in (5) and knowing the cross-correlation properties of the data sequences and Walsh codes of the two channels, therefore, where and represent the data bits of the th user in the first and second channels, respectively. Now, assuming that the data bits of the two channels are statistically independent yields and it follows that, as expected (13) This result means that two processes and are orthogonal when the data samples are independent due to the statistical properties of Walsh codes and PN spreading codes. However, the two processes cannot be considered as uncorrelated or statistically independent unless they are assumed to be Gaussian. This assumption will be discussed in the following sections.
IV. MULTICHANNEL NONLINEAR BEHAVIORAL MODEL
A memoryless model accurately characterizes a nonlinear system (or device) when it has no significant memory within the signal bandwidth. Such a model can always be represented as a complex power series (14) where is the th instantaneous complex power series coefficient, is the output waveform, is the input signal, and is the order of nonlinearity. A memoryless instantaneous polynomial coefficients are usually not available, however, their envelope counterparts can be extracted by fitting a polynomial to the single-tone AM-AM and AM-PM characteristics, as described in [4] . The instantaneous behavioral model is related to the envelope behavioral model by a Chebyshev integral [11] . Therefore, since only odd-order envelope coefficients can be obtained from first zone measurements (AM-AM and AM-PM), it follows that only odd-order instantaneous coefficients can be retrieved from their envelope counterparts. Fortunately, the odd-order envelope coefficients are the ones needed in the autocorrelation analysis, which will be discussed in the following section, where all the simulations will be done at the complex envelope level.
In the case of two channel analysis, single-tone characteristics are not sufficient since the envelope coefficients extracted at a certain frequency do not necessarily represent the instantaneous coefficients. In order to establish an envelope model that describes the nonlinear behavior with two channel excitation, consider an input consisting of and applied to an amplifier so that . The signals and are modulated RF carriers with center frequencies and , respectively. Let and be the complex envelopes of and , respectively, then the sum signal can be written in complex envelope form as (15) Defining the nonlinear model using the input-output relationship (14), applying the signal in (15), and using multinomial expansion yields Considering the components of the output signal centered at the first carrier, this implies that and , therefore, the output complex envelope can be expressed as (16) where the superscript indicates the carrier number and is the multinomial coefficient. The above expression is derived assuming that and so that the intermodulation products do not lie inside the bandwidth of each of the input signals. The envelope behavioral model in (16) be written as (17) where represents the complex gain compression function, is a function of the levels of both signal envelopes, and can be written as
The new set of coefficients represents the relationship between the input and output complex envelopes of the first carrier. This formulation is needed because this is, in fact, the model that can be extracted by measurements. In order to extract the model coefficients, we introduce a new technique. The idea is that the input power of the first tone is swept, while the power of the second tone is fixed at a certain power level. The process is repeated for each power step of the second tone. In this way, multiple curves for the nonlinear characteristics (AM-AM and AM-PM conversions) are obtained. A two-dimensional (2-D) curve fitting yields the set of coefficients , as will be shown in Section VI, thus, the multichannel behavioral model is obtained. The number of coefficients is equal to . The above expression reduces to the single-channel formulation (as in [10] ) when and setting , to 0. The autocorrelation analysis is needed to develop the output power spectrum by which distortion is characterized. The nonlinear distortion is manifested as SR and gain compression. The power spectrum of the output signal can be found from the Fourier transform of the autocorrelation function as (21) where Expression (21) is a general output power spectral density and consists of terms. These terms can be divided into three major groups: the first group represents the linear output with gain compression ( , , , or . The second group can be categorized as intermodulation distortion ( , , , and ). The third group represents the cross-modulation distortion caused by the presence of the second signal ( and ) . In this way, the development of the statistical model provides accurate characterization of cross-modulation distortion, as will be seen in Section VI. Note that the formulation of the autocorrelation function in (20) provides an insight into the effect of the self and joint statistics of the two signals on the level of distortion. This means that this distortion can be controlled by changing the statistics of the two signals. In a forward-link CDMA system, this can be done by the proper choice of the number of users in the two channels, using a different set of orthogonal codes, or introducing a data coding scheme that will result in better distortion performance, however, this is not the subject of this paper.
The receiver desensitization problem can be treated as a special case of the above analysis. Let the input signal consist of a single-tone jammer and a transmitter leakage CDMA signal . Therefore, and and then the output autocorrelation at the jammer center frequency can be expressed as where (22) The formulation of the autocorrelation function in (19) is greatly simplified if the input signals are assumed to be Gaussian processes. For this, we use the properties of complex Gaussian random variables to obtain a simplified formulation for the autocorrelation function. Using the orthogonality of the two signals, as proven in (13) and (20), can be written as For illustration purposes, we will restrict ourselves to writing down the third-order response, however, this can be generalized to any arbitrary order . Thus, using (19), the output autocorrelation function for third-order nonlinearity is (23) If the two processes are Gaussian, then the following property of Gaussian random variables applies [4] :
The summation is over all the permutations of the set of integers . Now, the output autocorrelation function for third-order nonlinearity can be written as (see the Appendix) (25) In fact, the autocorrelation function of both a CDMA signal and a narrow-band Gaussian noise (NBGN) process are the same provided that the baseband filter is approximated by a sinc function. The difference is in the evaluation of the higher order moments where the Gaussian assumption enables (24) to be used. The Gaussian approximation is reasonably acceptable for the forward link since the transmitted signal consists of a large number of Walsh-coded data sequences, which, by the central limit theorem, approaches the Gaussian distribution. However, the accuracy of such an approximation decreases if the composite signal is lightly loaded. The accuracy of the Gaussian assumption will be shown in the following section by simulations.
VI. MEASUREMENTS AND SIMULATION RESULTS
The statistical model was used along with the behavioral model coefficients to model the distortion introduced by the interaction of multiple signals in a forward-link IS-95 CDMA system. This section describes the modeling procedure of the above-mentioned concepts.
A. Behavioral Model
The coefficients in (16) were obtained using a vector network analyzer (VNA) to extract the AM-AM and AM-PM characteristics at of a wide-band -band amplifier. In addition, an external 2.0-GHz signal source injects a second tone at frequency at various power levels, as shown in Fig. 5 . The AM-AM and AM-PM characteristics at are determined at each power level of the second source. The power of the VNA signal was swept from 30 to 5 dBm, while the power of the second tone was swept manually from 20 to 5 dBm in 0.5-dB steps and, hence, 30 sets of measurements were obtained. Table I lists (18), where it is assumed that the output envelope is related to the input envelopes by that equation. A one-to-one relationship between those coefficients and their instantaneous counterparts cannot be developed in this case. If the instantaneous coefficients are sought, the formulation of the problem can be done as a bivariate case, as in [12] . For the sake of this paper, the envelope model in (18) was sufficient, and comparisons between this model and the bivariate case using simulations showed that they give the same result when the analysis is done at the complex envelope level.
B. CDMA Signal Generation
The CDMA signals were generated according to the IS-95 forward-link standard [8] . Sixty-four I and Q random streams each 2 -bit long that represent the data of 64 users were generated in MATLAB. Each bit streams was then multiplied by one of the 64 Walsh codes generated by a 64 64 Hadamard matrix. The spread data streams were logically added and then modulo-2 added to orthogonal PN codes for the I and Q channels. The resulting coded data is then filtered by an IS-95 standard wave-shaping filter.
C. Autocorrelation and Spectrum Estimation
The autocorrelation function of stationary random processes can be obtained from their time averages assuming ergodicity [10] . Therefore, (20) can be evaluated as (26) Using the polynomial coefficients developed for the power amplifier in (A), the spectrum of an IS-95 signal was developed using (21). The autocorrelation function and its Fourier transform were computed in MATLAB. Fig. 7 shows the output spec- trum of a CDMA signal divided into linear, intermodulation, and cross-modulation components for a CDMA signal centered at 2.1 GHz assuming that the nonlinear model is excited by the sum of two CDMA channels centered at 2.0 and 2.1 GHz. The output spectrum shows the increase in SR and in-channel dis- tortion over single-channel excitation due to cross modulation. Fig. 8 shows the output spectrum generated from signal realization and from use of a fully loaded IS-95 forward channel using the time autocorrelation in (26) superimposed on the spectrum generated from the Gaussian assumption, and assuming that , where it is shown that the Gaussian assumption gives a good estimate of distortion. The statistical model was verified experimentally as described here. ACPR and gain compression were estimated from the simulated spectrum according to the IS-95 Standard [4] . The amplifier was tested with IS-95 forward channel signals using a vector signal generator (VSG) and a vector signal analyzer (VSA). The amplifier was driven by two IS-95 fully loaded forward-link channels centered at 2.0 and 2.1 GHz. The ACPR measurements were performed for the signal at 2.1 GHz. Fig. 9 shows gain the compression and ACPR of the first channel as a function of its output power and the second channel input power. Close agreement with the statistical nonlinear model is shown at power levels of 20 and 15 dBm of the second signal. At dBm, the simulated values differ from measured values by 4 dB in the region where the input power of the first signal is high. This is due to the accuracy of the polynomial model at high power levels where it fails when the input power is beyond the compression region. Fig. 10 presents the output spectrum of a single tone when the power amplifier is driven by a single tone and a forward-link signal [see Fig. 10(a) ] and a single tone with a reverse link signal [see Fig. 10(b) ]. The spectrum, developed using (22), shows how the spectrum is widened because of the mixing with the modulated CDMA carrier as a result the nonlinear interaction or cross modulation. If the CDMA signal is a reverse-link signal, then cross modulation appears as a double hump similar to that predicted in [3] using a circuit-level model. On the other hand, if the CDMA signal is a forward-link signal, then cross modulation appears close to a triangular shape, which is similar to that predicted by the NBGN assumption. This is due to the fact that the NBGN assumption is better suited to modeling the forward link than the reverse link. Fig. 11 shows the cross-modulation power in a 30-kHz bandwidth at an offset of 885 kHz from the center frequency of the single tone. The first curve shows cross-modulation power as a function of swept input power of the CDMA signal (forward link) in a 25-dBm range ( dBm to 5 dBm, dBm), while the second curve shows the cross-modulation power as a function of swept input power of the single-tone jammer itself in the same power range ( dBm to 5 dBm, dBm). The two curves show that the jammer power contributes much more strongly to the cross-modulation power than the power of the CDMA signal.
D. Receiver Desensitization

VII. CONCLUSION
A generalized statistical analysis for modeling cross modulation in multichannel nonlinear amplifiers has been introduced. In addition, a new behavioral modeling technique for modeling cross modulation in a multichannel nonlinear amplifiers has been presented and verified. The statistical model shows that intermodulation and cross-modulation distortions depend on the statistical properties of the signal, which are captured by the autocorrelation function. In a forward-link CDMA system, distortion depends on the number of data channels (users) and the selection of Walsh codes involved in the composite signal. This is because the transmitted signal exhibits a PAR that depends on the Walsh codes involved in the composite waveform. It has also been shown that the Gaussian assumption results in a simplified analysis of the autocorrelation function, while it gives a good estimate of distortion in the forward link. The analysis that has been presented provides an insight into the design of multichannel amplifiers and CDMA systems.
APPENDIX
To derive (25), we start by evaluating the following correlation functions:
Now, using (24), we evaluate each term in (23) as follows:
Collecting the power like terms, (25) follows directly.
